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IBM 7090 FORTRAN II PROGRAM FOR THERMODYNAMIC PROPERTY COMPUTATIONS
Enthalpy-Pressure or Pressure-Density as Independent Coordinates*

il

Two FORTRAN II subroutines for the calculation of thermo-
dynamic properties of oxygen using pressure and density

or pressure and enthalpy as independent coordinates are
described. The numerous function subprograms and sub-
routines required for execution of these computations are k‘rJ)

J. G. Hust

also described. Listings of all FORTRAN decks are
included along with brief descriptions of the basic
mathematical methods employed.

1. INTRODUCTION

In a previous publication [Hust and Gosman, 1964] methods of
calculating thermodynamic properties from equations of state were
presented. Parallel developments with density-temperature and pressure-
temperature as independent coordinates were given. In particular, an
equation of state was presented together with closed form expressions
for entropy, enthalpy and internal energy in terms of density and
temperature as derived by Strobridge [1962]. In many instances,
however, it is either desirable or necessary to calculate thermodynamic
properties from other coordinates, such as pressure and temperature or
pressure and density or enthalpy and pressure. It therefore becomes
necessary to either invert the equations for the desired variables or
to solve the given set of equations by iterative methods. Since it is
frequently impossible to invert such equations in closed form, the

iterative technique seems more desirable.

Computer programs have been developed to perform this inversion by
iterative methods for pressure-enthalpy and pressure-density as
independent coordinates. This package, as presented here, is applicable
only to oxygen property calculations, and contains preliminary coeffi-
clents for the equation of state as well as a preliminary vapor pressure
equation presented by Stewart, et al. [1963]. Improved coefficients

* This report is a result of a study made by the Cryogenic Data Center
of the Cryogenic Engineering Laboratory under a contract with the
National Aeronautics and Space Administration.



for this equation of state and a more accurate vapor pressure equation
will be published in the near future, which may then be substituted in
this program. Thils paper presents the mathematical methods used, and
descriptions and listings of the FORTRAN II programs required. Sample
results for oxygen with comparisons to the tabular values presented by
Stewart, et al. [1963], are also given.

Coefficients for this equation of state are also available® for
nitrogen, carbon monoxide, argon, and hydrogen. Therefore, with
relatively simple changes, this program can be adapted for the calcula-
tion of the properties of these other fluids. The coefficients of
this equation of state for these fluids may be obtained from the
following references:

nitrogen - Strobridge, T. R., Natl. Bur. Standards Tech. Note
No. 129, PB 161630 (1962)

carbon monoxide - Hust, J. G., and R. E. Stewart, Natl. Bur.
Standards Tech. Note No. 202 (1963)

argon - Gosmsn, A. L., J. G. Hust, and R. D. McCarty, Natl. Bur.
Standards Rept. No. 8293

hydrogen - Roder, H. M., and R. D. Goodwin, Natl. Bur. Standards
Tech. Note 130, PB 161631

2. MATHEMATICAL METHODS

The general iterative methods are illustrated as follows:
Consider the independent varisbles of a given problem to be x and ¥y

and the dependent variables u and v to be related functionally as

u

u(x: Y) (l)
and

= v(x, ¥). (2)

<
|

Copies of these references are available from the Cryogenic Date
Center, National Bureau of Standards, Boulder, Colorado.




(a) Case I - Both "dependent” variables are specified while the
"independent” variables are to be determined.
One writes the differentials du and. dv as

du=<-g—1;>ydx+ g—‘;>xdy (3)

and
dy: -g—jc)ydx+<%‘§>xdy. (1)

These equations are considered to be approximations if the differential
quantities are replaced by finite increments. If one makes initial
estimates of x; and y; for x and y, then (3) and (4) can be written

as

Aui=u-u(xi, yi) E(%—%)y&i+(%§>xAyi (5)
and

bvy = v - v (x4, ¥q) ?:(%%>yAxi+<g—;->xAyi. (6)

The increments Axj and Ayy are evaluated from (5) and (6) and second

estimates for x and y become

Xi+y = X§ + Bxj (7)
and

Yi+, = ¥i + byji. (8)

The process is then repeated until the absolute values of Auj and Avy
or Axj and Ayi are less than some predetermined values. Convergence
depends upon the behavior of the function and the initial estimates

for x and y. This method is described in more detail by Nielsen
[1956]. Considering the Strobridge equation for pressure in terms of
density and temperature and the resulting enthalpy equation, we observe
that the calculation of density and temperature from enthalpy and

pressure may be accomplished by this method. The derivatives required



to perform this iteration are (3H/3T)p, (3H/3D)q, (3P/3T)p, and
(3P/3D)p, where H is enthalpy, P is pressure, T is temperature, and
D is density.

(b) Case 2 - Both a "dependent” and an "independent” variable are
specified.
When a dependent and an independent variable are specified, such as
u and x, the calculation is performed with the more commonly used
Newton-Raphson iteration in one dimension. One first inverts, by
iteration, the function u = u(x, y) for the value of y. Then v is
calculated directly.

The celculation of enthalpy and temperature from pressure and
density using the Strobridge equation is of this type. The derivative
required to perform the Newton-Raphson iteration ror temperature is
(3P/5T) p.

3. PROGRAM DESCRIPTION

The general description of each subprogram is presented to clarify
its purpose in the overall program. A listing of each FORTRAN deck is
also included to present the details of each computation.

Subroutine TDSTRS (13 arguments) calculates temperature, density,
and entropy (and quality in the two-phase region) for given values of
pressure and enthalpy. Subroutine THSTRS (12 arguments) calculates
temperature, enthalpy, and entropy (and quality in the two-phase region)
for given values of pressure and density. Both of these subroutines
also contain two fixed point arguments; one of which indicates the
region (i.e., gaseous, liquid, or two-phase) dictated by the input
pressure and enthalpy or pressure and density, and the other indicates
discrepancles encountered either in the input data or the execution of

the program. These arguments may be printed in the output (see example
in Appendix B).




The above subroutines call the following subroutine and function
subprograms. The purpose of the quantities calculated by these
functions can be more readily recognized by referring to equations (28)
through (43) in the paper by Hust end Gosman [1964].

Functions PSFITZ(T,D,AEXP,Al15,IUSE), IPDDRS(T,D,AEXP,Al5,IUSE),
and DPDPTS(T,D,AEXP,A15,TUSE) calculate pressure, (3P/aD)q, and
(3P/aT)p according to the Strobridge equation, respectively. The
arguments have the followling meaning: D is density, T 1s temperature,
AEXP is the coefficient in the exponential term, Al5 is the 15 element
array containing the coefficients other than the gas constant and
AEXP. It should be noted that the ordering of the terms in these
functions is not the same as that indicated by Strobridge. The
manipulation of the 17 element array of coefficients to obtain the
15 element array is accomplished by subroutine ARCOE(AlY,AlS). The
remaining argument IUSE designates whether the functlons calculate the
above quantities or if they are being used in setting up a least squares
matrix. The reason for the re-ordering of the terms and the detalls of )
the dual nature of these programs would not contribute to this discussion,

and so are not presented here.

Function FINDPS(T,P,DTRI ,AEXP,Al5) iterates, by the Newton-Raphson
method, to obtain the density for a glven pressure and temperature és
related by the Strobridge equation. If the Newton-Raphson method falls
to converge, the method of regula falsi is also tried (Hildebrand
[1956]). An error statement is written on the systems output tape if
either of these 1lterations fails to converge. The arguments have the
same meaning as the previous functions with the addition of DTRI which
is the first trial density and P which is pressure. Function
FINTPS(D,P,TTRI,AEXP,A15) is the same as FINDPS with the exception that
temperature 1s the unknown. TIRI 1s the first triel in temperature.

Functions VPN(T) and DPDIVP(T) compute the vapor pressure end its
derivative with respect to temperature, respectively. TFunction
FINDT(P,TLO,TUP) calculates the saturation temperature for a given vapor



pressure. TLO and TUP must be less than, and greater than the satura-
tion temperature, respectively. For example, TLO and TUP may be taken

as the triple point and critical point temperatures, respectively.

Functions DELS1S(D,T,Al7) and DELH1S(P,D,T,Al7) along with functions
CPOSJ(T,T0) and CPOHJ(T,TO) are used to calculate entropy and enthalpy
in the gaseous region. Function CPOHJ(T,TO) represents the integral of
the specific heat at zero pressure from the reference temperature, TO,
to the temperature T; while DCPOHJ(T) represents the zero pressure
specific heat at temperature T. Function CPOSJ(T,T0) is used to
calculate the integrsl of C%/T with respect to temperature from TO to T.

Functions DELSTS(D2,D1,T,Al7) and DELHTS(P2,D2,P1,DL,T,AlT)
calculate the isothermal changes in entropy and enthalpy from the point
P1,D1,T to the point P2,D2,T. These functions are used in the liquid
range but are valid for the gaseous range as well except at zero density.
The derivative (aH/aT)D for the gaseous range is determined by function
DHDTRS(D,T,AL7). The same derivative in the liquid region is obtained
from finite differences within subroutine TDSTRS (13 arguments). The
derivative (3H/oD)p is obtained with function DHDDRS(D,T,ALT).
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APPENDIX A
The following is an alphabetical listing of all FORTRAN subprograms
required to obtain thermodynamic properties with pressure and enthalpy
or pressure and density as input coordinates. The calling sequence is
illustrated in APPENDIX B. Punched card decks of these fortran IT
subprograms may be obtained from the Cryogenic Data Center, National
Bureau of Standards, Boulder, Colorado.

Contents

Subprogram Name Page
ARCOE 8
CPOHJ * 8
CPOSJ * 8
DCPOHJ * 9
DELHTS 9
DELHLS 10
DELSTS 10
DELS1S 10
DHDDRS 11
DHDTRS 11
DPDDRS 12
DPDITS 13
DPDIVP * # 14
DSATLI * 1k
DSVGUR 14
FINDPS - 14
FINDT 16
FINTPS 17
LIQCOR * 18
PSFITZ 19
TDSTRS * t 19
THSTRS * t 23
VPN * § 26

* These subprograms are restricted to oxygen property calculation.

¥+ The vapor pressure equation used here is in preliminary form ,
according to Stewart, et al. [1963]. An improved relation will
be published in the near future.

t The coefficients used here in the equation of state are pre-
liminary, according to Stewart, et al. [1963]. Improved values
will be published in the near future.



Appendix A (continued)

SUBROUTINE ARCOE(ATRS,APS)

REORDERING OF THE COEFFICIENTS FOR THE STROBRIDGE EQUATION OF
STATE AS USED IN PSFITzZ,DPDDRSs AND DPDTTSs THE INPUT MATRIX IS
ATRS(17) AND THE OUTPUT MATRIX 1S APS(15),
DIMENSION ATRS(17)4APS(15)

APS(1)=ATRS(16)

APS(2)=ATRS(9)

APS(3)=ATRS(7)

APS(4)=ATRS(8)

APS(5)=ATRS(2)

APS(6)=ATRS(3)

APS(7)=ATRS(4)

APS(8)=ATRS(13)

APS(9)=ATRS(10)

APS(10)=ATRS(14)

APS(11)=ATRS(5)

APS(12)=ATRS(15)

APS(13)=ATRS(11)

APS(14)=ATRS(6)

APS(15)=ATRS(12)

RETURN

END

FUNCTION CPOHU(TSTO)

INTEGRAL OF ZERO PRESSURE SPECIFIC HEAT FROM TO TO T WITH RESPECT
TO TEMPERATURE. TEMPERATURE IN DEG K AND CPOHJ IN JOULES/MOLE.
R=0,0620997 *4,184%32,0

G1=345043099

G2=-0,68438341F-04

G3=0e81799927E~06

G4=-0458262431E-08

G5=0416619840E-10

TD1=T-TO

TD2=(T*¥2-TO*%2) /2.0

TD3=(T**3~-TO*%#3) /3,0

TD4= (TH*%4~TO*#4) /440

TO5=(T*%5-TO*#5) /5,0
CPOH=(G1*TD1+4G2#TD2+G3*TD3+G4#TD4+G5%TDS) #R

CPOHJ=CPOH

RETURN

END

FUNCTION CPOSJ(T,,TO)
INTEGRAL OF ZERO PRESSURE SPECIFIC HEAT DIVIDED BY TEMPERATURE
FROM 70 70 T wITH RESPECT TO TEMPERATURE. TEMPERATURE IN DEG K AND
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CPOSJ IN JOULES/(MOLE DEG K)e
R=0e0620997%44,184%32,0
G1=3.5043099
G2=-0e68438341E-04
G3=0.81799927E-06
G4=—-0+58262431E-08
G5=0.16619840E-10

TD1=T-T0 '
TD2=(TX%2-TO*%2) /2,40
TD3=(T*¥3-TO#*%3) /3,0
TD4=(T*X4L-TO%R4L) /44,0
CPOS=(G1#LOGF (T/TO)+G2xTD1+G3#TD2+G4*TD3+G5*TD4 ) #R
CPOSJ=CPOS

RETURN

END

FUNCTION DCPOHJ(TEMP)
ZERO PRESSURE SPECIFIC HEAT IN JOULES/MLE. TEMPERATURE IN DEG Ke
R=8.3144
T=TEMP
G1=345043099
G2=-0e68438B34]1E-04
G3=0,81799927E-06
G4=-0458262431E~-08
G5=0416619840F-10
DCPOH= (Gl +G2*# T+G3#THH24G4#TREZ LGS HTH %4 ) ¥R
DCPOHJ=DCPOH
RETURN
END

FUNCTION DELHTS(P2sD2sP1sD1sTH4A)}
JSOTHERMAL CHANGE OF ENTHALPY FROM THE STATE D1,Pl,T TO THE STATE
D2+sP2sT USING THE STROBRIDGE EQUATION OF STATE, D1 AND D2 MUST BE
GREATER THAN ZEROe PRESSURE IN ATM, DENSITY IN MOLES/LITER, TEMP-
ERATURE IN DEG Ky AND DELHTS IN JOULES/MOLE.
DIMENSION A(17)
P=pP]
D=D1
OENTHAL1=P/D4D® (A(3)420%A(4)/T+30¥A(S5)/THR245,0%A(6)/THXL)+A(8)*D
1 D/ 260 (30HA(10)/THX244e0%A(11)/THR34+5,0%A(12)/TH%4)REXPF
2 (—A{1T7)%DRD) /(2 0%A(1T7))—(DXD/ (2,0¥%A(17))+1e0/(2s0%A(1T7)%¥%2))
3 ¥{3oONA{13)/THR2 44 ,OFA (1LY /THEILS OKA(1S)/THRL)*
4 EXPF(~A(17)%D*DI+A(16)¥DH%5/5,0
P=P2
D=D2
OENTHAZ=P/D4+D*¥ (A(3)42,0%A(4)/TH30¥A(5)/TH*2+5,0%A(6)/THX4)+A(8) %D
1 HD/2,0=(3,0%A(10)/TH%2+440%A(1]) /THRILE,0%A(12)/THRL ) REXPF
2 (=A(1T7)RDRD) /(24 0%A(1T))=(DXED/(2,0%A(17))+1e0/(20%A(17)%%2))
3 H#(3,0%A(13)/THED 44 ORA(14) /TH¥345,0%A(15)/T*R4 )%
4 EXPF(~A(17)*D%D)+A(16)*D*X5/5,0
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DELHTS=(ENTHA2~-ENTHA1)#*#101,3278
RETURN
END

FUNCTION DELH1S{(P24D2sTsA )

ISOTHERMAL CHANGE IN ENTHALPY FROM ZERO DENSITY TO THE POINT P2,D2
»T USING THE STROBRIDGE EQUATION OF STATE.

PRESSURE IN ATM, TEMPERATURE IN DEG K, DENSITY IN MOLES/LITER, AND
DELH1S IN JOULES/MOLE,

DIMENSION A(17)

P=pP2

D=D2

EX=EXPF(—-A(17)%D*D)

ODELH1S5=(P/D~A(1)XT+D* (A(3)+2e0%A(4)/T+3,0%A(5)/TH%2 +5,0%A(6)/T**4
J+A(B)*D*D/240 ~(3,0%A(10)/T*%2 +4,0¥A(11)/TH*345,0%A(12)/
THHL)REX/ (20 0%A(17))—(DR¥2/(2e0%¥A(17))+1e0/(20%A(17)%%2))
K(3,0%A(13)/TH%244,0%A(14) /TRR3+5,0%A(15) /TH*4)*EX
+A(16)#DHX5/5,0+(3,0%A(10) /TH#*¥2+440%A(11)/T**3+5,0%A(12)

JTRRL )/ (2,0%A(1T))+(3e*A(13) /THR244,0%A(14) /T**3+
5o0%¥A(15) /TH¥4) /(2,0%A(17)%#2))1%*101.3278

RETURN

END

WP WN -

FUNCTION DELSTS(D2sD1sTsA)

DIMENSION A(17)

I1SOTHERMAL CHANGE IN ENTROPY FROM THE STATE SPECIFIED BY D1sT TO
THE STATE SPECIFIED BY D2,T USING THE STROBRIDGE EQUATION OF STATE
e« D2 AND D1 MUST BE GRFATER THAN ZERO. PRESSURE IN ATM, TEMPERA-
TURE IN DEG K, AND DELSTS IN JOULES/(MCLE DEG K)e

D=D2
OENTRO2=(~D* (A(2)%A(1)~A(4) /THX2=2,0%A(5)/T*¥3-4,0%A(6)/T*%5)

1 ~A(T)*A(1)%D*%2 /2 0-A(9)*¥D*¥3/3,0-(2,0%A(10)/T**¥3+3,0*%A(11)/
2 THH444 0%A(12)/TH**S)REXPF(~A(LT)XD*D) /(2,0%AL17))
3 ~(D¥D/(240%A(17))1+160/(260%A(17)%#%2))*{2,0%A(13)/T**3
4 +3,0%A(14) /THEL+6 ,0%A(15)/T**5)*EXPF(~A(17)%D*D)~A(1)%LOGF (D)
5 )%#101.3278

D=D1

OENTRO1=(~D* (A(2)%A(1)=A(4)/THR2=2,0%A(5)/T#¥3-4,0%A(6)/T*¥*5)

1 ~A(T)*A(1)*D%%2 /2 ,0-A(9)*D*#3/3,0~(2,0%A(10)/T**¥3+3,0%A(11)/
2 THRL+440%A(12) /T*%5)%EXPF(—A(17)%D*D) /(240%A(17))

3 —(D¥*D/(2,0%A(17))+1e0/(2e0*A(1T7)¥#%2) ) *(2,0%A(13)/T**3
4 +340%A(14) /TH*4+4 ,0*¥A(15) /T*%5)*EXPF(~A(17)%D*D)~A(1)*LOGF (D)
5 )#101.3278

DELSTS=ENTRO2-ENTRO1

RETURN

END

FUNCTION DELS1IS(D24sTsA)

10
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ISOTHERMAL CHANGE IN ENTROPY FROM THE [DEAL GAS STATE AT 1 ATM AND
T DEG K TO THE STATE SPECIFIED BY D2,7 ON THE REAL GAS SURFACE.
TEMPERATURE IN DEG K, DENSITY IN MOLES/LITER, AND DELS1S IN JOULES
/(MOLE DEG K,

DIMENSION A(17)

D=D2

EX=EXPF(—-A(17)%D*D)

ODFLS1S=(~A(1)*#LOGF (A(1)*T*D)-D*(A(2)¥A(1)~A(4)/TR%2-2 ,0%A(5) /T**3~
GoORA(H) /TRES)-A(T)*A(1)¥DRD/2,0-A(9)¥D*#3 /3,0~
EX®(2,0%A(10)/T¥%34+3,0%A(1])/TRH444,0%A(12)/T**5)/
(240%A(17))—(DX¥D/(2e0%A(17))1+160/(2,0*A(17)%%2) )%
(20%A(13)/TH#343 ,0RA(14)/THR4+4 ,0%A(15)/TH%5) ¥EX+
(240%A(10)/THE343,0%A(1]1) /TH*H444,0%A(12)/TH%5) /(2,0%A(17))+
(2.0%A(13)/TH%343 0%A(14) /THRL444,0%A(15) /T**%5)/
(240%A(17)%%2))%101,3278

RETURN

END

NOVEWN -

FUNCTION DHDDRS(DENS,TEMP,A)

DERIVATIVE OF ENTHALPY WITH RESPECT TO DENSITY AT CONSTANT TEMPER-
ATURE WITH THE STROBRIDGE EQUATION OF STATEe(VALID FOR VAPOR AND
LIQUID) DENSITY IN MOLES/LITER, TEMPERATURE IN DEG K, AND DHDDRS
IN JOULES LITER/(MOLE MOLF),

DIMENSION A(17).AA(15)

D =DENS

T=TEMP

Al6=A(17)

CALL ARCOE(AsAA)
DHDDRS=-T*DPDTTS(TsDsA169AA0)/(D*D)+DPDDRS(TsDsA169AAs0) /D
DHODRS=DHDDRS%101+3278

RETURN

END

FUNCTION DHDTRS(DEN,TEMP,A)

DERIVATIVE OF ENTHALPY WITH RESPECT TO TEMPERATURE AT CONSTANT
DENSITY WITH THE STROBRIDGE EQUATION OF STATE. (VALID FOR VAPOR
ONLY) DENSITY IN MOLES/LITER, TEMPERATURE IN DEG K, AND DHDTRS IN
JOULES/ (MOLE DEG K).

DIMENSION A(17)

CON=101,3278

D=DEN

D2=D#D

D3=D#D2

D4=D#*D3

D5=D#*D4

T=TEMP

T2=T*7T

T3=T#T2

T4=T*T3

T5=T#T4

11
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EX=EXPF{(D2¥{-A(17)}) )

DHDLI=A(L)+D* (A(1I¥A(2)-A(4) /T2-24*¥A(5)/T3-4e*A(6)/T5)+D2*A(T7)*A(])
1+D3#A(9) —D2¥ (24,0%A(10) /T3 +360%A(11)/TL+4,0%A(12)/T5)H*EX
2-D4* (2e0%A(13)/T343,0%A(14)/T4+4,0%A(15)/TS5)I*EX

3-A(1)-DH*(240%A(4)/T2+640%A(5)/T3+2040%A(6)/TS5)+EX*(6,0%A(10)/T3+

412.0%A(11)/T44+2060%A(12)/T5)/(2e0%A(17))+(D2/(2e0%¥A(17))+1e0/(260%
SA{1T7)%¥%2))REX¥(6e0%A(13)/T3+12s0%A(14)/T4+204,0*A(15)/T5)-(6e0%*
6A(10)/T3+12e0%#A(11)/T4+200%A(12)/T5)/(2e0%A(17))~(60%A(13)/T3+
T1240%A(14) /T442040%A(15) /T5)/(2.0%A(1T7)%#%2)

DHD1=DHD1*CON

DHDTRS=DHD1+DCPOHJ(T)

RETURN

END

FUNCTION DPDDRS(T»sDsAl6sA,IUSE)

IF TUSE =0

CALCULATE DERIVATIVE OF PRESSURE WITH RESPECT TO DENSITY AT
CONSTANT TEMPERATURE WITH THE STROBRIDGE FQUATION OF STATE.
A(15) IS THE LINEAR COEFFICIENT MATRIX WHILE A16 IS THE EXPONENTe
IF TIUSE =1

CALCULATE THE VARIABLE PART OF EACH TERM AND RETURN TO THE MAIN
PROGRAM THRU A(15) FOR USE IN SETTING UP LEAST SQUARES PROBLEM,
DENSITY IN MOLES/LITER, TEMPERATURE IN DEG K, AND DPDDRS IN ATM
LITERS/(MOLE MOLE),

DIMENSION A(151B8(15)

D2=D#D

D3=D2%*D

D4=D3%D

D5=D4*D

D6=D5%*D

T2=TH*T

T3=T2*T

T4=T3*T

EX=EXPF(-A16%#D2)

R=0,0820797

B(1l)=6+40%D5

B(2)=4.0%#T%D3

B(3)=3¢0%R*T#D2

B(4)=340%D2

B(5)=2e0%R%®T*D

B(6)=240%D

B(71=240%D/T

B(8)=(540%D4~2,0%A16%¥DE)XEX/T2

B(9)=(34s0%D2-2,0%A16¥DAYXEX/T2

B(10)=B(8) /T

B(11)=2.0%D/T2

B(12)=B(8) /T2

B(13)=B(9) /7

B(141=2,0%D/T4

B(15)=B(9) /T2

DPDDRS=R*T

IF{TUSE)10420,10

12
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DO 12 I=1,15

A(T)=B(I)
DPDDRS=-DPDDRS

RETURN

DO 30 I=1,15
DPDDRS=DPDDRS+A{I)%B(1)
RETURN

END

FUNCTION DPDTTS(TsDsA16sAsTUSE)

IF IUSE =0

CALCULATE DERIVATIVE OF PRESSURE WITH RESPECT TO TEMPERATURE AT
CONSTANT DENSITY WITH THE STROBRIDGE EQUATION OF STATE.

A({15) IS THE LINEAR COEFFICIENT MATRIX WHILE Al16 IS THE EXPONENT.
IF IUSE =1

CALCULATE THE VARIABLE PART OF EACH TERM AND RETURN TO THE MAIN
PROGRAM THRU A(15) FOR USE IN SETTING UP LEAST SQUARES PROBLEM.
DENSITY IN MOLES/LITER, TEMPERATURE IN DEG K, AND DPDTTS IN ATM/
DEG Ke

DIMENSION A(15),8(15)

D2=D*D

D3=D2#%D

D4=D3%*#D

DS=D4*D

D6=D5%*D

D7=D6%*D

T2=T*T

T3=T2*T

T4=T3%T

T5=T4*T

FX=EXPF(-A16%D2)

R=0,0820797

B(l)=0.0
B(2)=D&4
B(3)=R%*D3
B(4)=0.0
B(5)=R#*#D2
B(6)=Ooo

B(7)=-D2/72
B(B)=—2.0%D5*EX/T3
B(9)=-2.,0%D3*EX/T3
B(101=-3,0%D5S*EX/T4
B(11)=-2.,0%D2/73
B(12)=-4,0%D5%EX/T5
B(13)=-3,0%D3*EX/T4
B({14)=-4,0%D2/7T5
B(15)=~4,0%D3%EX/TS
DPDTTS=D#*R
IF(IUSE)104+20,410

DO 12 I=1+15
A(I)=B(I)
DPDTTS=-DPDTTS

13
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RETURN

DO 30 I=1,15
DPDTTS=DPDTTS+A(1)*B(1)
RETURN

FEND

FUNCTION DPDTVP (TEMP)

DERIVATIVE OF VAPOR PRESSURE WITH RESPECT TO TEMPERATURE AS IN
NBS REPORT 7922 TEMPERATURE IN DEG K AND DPDTVP IN ATM/DEG K.
PC=50.14

TC=154.78

T=TEMP

A=0,13750055E-073

B=-0,54998814F-01

C=0,17023470E+01

D=0,66564191E+01

E=-0e94512173E+03
P=EXPF(D+E/T+B*T+CXLOGF (T )+A*T*T)
DPVPO2=TC/PC*¥P# (2 ¥A¥T+B+C/T-E/(T*T))
DPDTVP=DPVPO2#PC/TC

RETURN

END

FUNCTION DSATLI(TEMP)

DENSITY OF SATURATED LIQUID OXYGEN ACCORDING TO SCOTT. TEMPERATURE
IN DEG K AND DSATLI IN MOLES/LITER.

T=TEMP

DSCOTR=140+( 1546 7B-T)X%0,4/((Te106+0s0038%T)%443)
DSATLI=DSCOTR#1000,028%0443/3240

RETURN

END

FUNCTION DSVGURI(TR)

REDUCED DENSITY OF SATURATED VAPOR AT REDUCED TEMPERATURE TR
DISCONTINUOUS AT TR=0e65¢ APPROXIMATION PRESENTED BY GUGGENHEIM,
IF(TR=0465)39242

DSVGUR=1404+0675% (1eN=TR)=(T7e0/4e0)%#(1eN~TR)*%(1,0/30)

RETURN

PR=EXPF(5629-54,31/TR)}

2C=043

DSVGUR=PR#ZC/TR

RETURN

END

FUNCTION FINDPS(TTsPP,DDTRIsSSUD»A)
CALCULATE DENSITY AT A GIVEN PRESSURE AND TEMPERATURE FROM THE

1L
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STROBRIDGE EQUATION OF STATE BY THE NEWTON-RAPHSON METHOD USING
PSFITZ AND DPDDRSe IF THE ITERATION FAILS TO CONVERGEs THE METHOD
OF REGULA FALSI IS ALSO TRIED. IF EITHER METHOD FAILS AN ERROR
STATEMENT IS WRITTEN ON THE SYSTEM OUTPUT TAPE,.

DIMENSION A(15)

T=TT7

p=PP

DTRI=DDTRI

SuUD=SSuUD

DSTART=DTRI

DO 20 I1=1,10

Z=PSFITZ(T+DTRT+SUDsA,0)-P

22=DPDDRS(TsDTRIsSUDA,L0)

DTRI=DTRI-2/22

IF(ABSF(2/P)—-0,000001130,30410
IF(ABSF(Z/(ZZ%DTRI)1-0000001)304+30+20

CONTINUE

WRITE OUTPUT TAPE 6,100sT+PsDSTARTHSDTRI

THIS COMPLETES THE NEWTON-RAPHSON ITERATION PROCEDURE

GO T0O 40

FINDPS=DTRI

RETURN

DUP=DSTART

DDWN=DSTART
OFORMAT (B88HNEWTON-RAPHSON METHOD FAILED TO PRODUCE SIXx SIGNIFICANT
1FIGURE ACCURACY IN 10 ITERATIONS/62H TEMPERATURE PRESSURE
2 FIRST DENSITY TENTH DENSITY/ 4E16,8)

DELD=1.01

DO 50 I1=1,200

DUP=DUP%DELD

DDWN=DDWN/DELD

ZUP=PSFITZ{(TsDUPsSUDsA.0)=P

ZDWN=PSFITZ(T+DDWN4SUD,A,0D)-P

RATIO=ZUP/ZDWN

IF(RATIOI60+4110:50

CONTINUE

WRITE OUTPUT TAPE 64,2009sDSTARTsT4PsDDWN,DUP

FORMAT (77HNO SOLUTION HAS BEEN FOUND BETWEEN 1e¢0/7e¢4 AND 7e4 OF TH
1E INITIAL DENSITY =9yE18489/64H TEMPERATURE PRESSURE
2LOWER DENSITY UPPER DENSITY /4E16.8)

FIND PS=0,0

RETURN

ZUP1=PSFITZ(TsDUP/DELDsSUDsAsD)-P

UPRAT=ZUP /ZUP]1

IF(UPRAT)BOs+110,70

D2=DDWN*DELD

D1=DDWN

GO TO 90

D2=DUP

D1=DUP/DELD

DO 95 1=1,100

Z1=PSFITZ(TsD1,SUDsA,0)-~P

22=PSFITZ(TsD24SUDsAs0)~P

D3=D1+(D2-D1)*(-21)/(22-21)

15
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IF(ABSF((D1-D2)/D1)-0,000001)99499,91
91
92 Z3=PSFITZI(T9eD34sSUDsAS0)—-P
IF(23/721193+99,94
22=273
D2=D3
GO TO 95
21=23
D1=D3
CONTINUE
WRITE OUTPUT TAPE 64300sTsPsD1sD2

93

94

95

TF(ABSF({Z1~22)/1214P))1-0,000001199+99,492

2000FORMAT (87THREGULA~FALS]I METHOD FAILED TO PRODUCE SIX S+GNIFICANT FI

1GURE ACCURACY IN 100 ITERATIONS/64H
2 LOWER DENSITY
99 FINDPS=D3
RETURN
FINDPS=DUP
RETURN
END

110

FUNCTION FINDT(PRESS,TLOsTUP)

TEMPERATURE
UPPER DENSITY /4E16.8)

PRESSURE

NEWTON-RAPHSON ITERATION TO FIND THE SATURATION TEMPERATURE CORR-

ESPONDING TO THE PRESSURE.,

TLO AND TUP ARE THE INDICATED LOWER

AND UPPER TEMPERATURE BOUNDS WITHIN WHICH THE RESULT MUST LIE.
THESE TEMPERATURES ARE ALSO USED IN DETERMINING THE FIRST TRIAL,
THE FIRST TRIAL IS FOUND BY LINEAR INTERPOLATION OF LOG(P)=A+B/T.

P=PRESS
T2=TUP
T1=TLO
P2=VPN(T2)
P1=vPN(T1)
IF(P-P2)10,10,20
10 IF(P-P1135,26,26
20 WRITE OUTPUT TAPE 64+2004P4P2

200 FORMAT(12HIPRESSURE = ,E16e8+42H
1BOUND = yE1648)
T=0.0
RETURN
300 FORMAT(12H1PRESSURE = ,El6e8,42H IS
1UND = 4E1648)
35 WRITE OUTPUT TAPE 64+300sP,4P1
T=0,0
RETURN
26 CONTINUE

B=LOGF(P2/P1)/(140/72-1,0/T1)
A=LOGF(P2)-B/T2

TTRI=B/ (LOGF(P)-A)

DO 33 I=1,20

PCAL =VPN(TTRI)

2=PCAL-P

2Z=DPDTVP(TTRI)

DT=-2722

31

16

1S GREATER THAN INDICATED UPPER

LESS THAN INDICATED LOWER BO




NN NN

32
33

100

42

10
20

30
40

100

TTIRI=TTRI+DT

DPP=2/P

DTOT=DT/TTRI

IF({ABSF(DPP)-0,000001142+42+32
IF(ABSF(DTOT)-0e000001)42,442,33

CONT INUE

WRITE OUTPUT TAPE 6,100+P,TTRISPCAL

FORMAT (59HNEWTON-RAPHSON ITERATION FOR TEMPERATURE FAILED TO CONVE
1RGE/ 11HPRESSURE = ,E16e8525HCALCULATED TEMPERATURE = 4E1648»
222HCALCULATED PRESSURE = 4E1648)

FINDT=TTRI

RETURN

END

FUNCTION FINTPS(DDsPP,TTTRIsAl65A)

CALCULATE TEMPERATURE AT A GIVEN DENSITY AND PRESSURE FROM THE
STROBRIDGE EQUATION OF STATE BY THE NEWTON-RAPHSON METHOD USING
PSFITZ AND DPDDRSe IF THE ITERATION FAILS TO CONVERGE, THE METHQD
OF REGULA FALSI IS ALSO TRIED. IF EITHER METHOD FAILS AN ERROR
STATEMENT 1S WRITTEN ON THE SYSTEM OUTPUT TAPE,

DIMENSION A(15)

D=DD

p=PP

TTRI=TTTRI

SUD=A16

TSTART=TTRI

DO 20 1=1,10

Z=PSFITZ(TTRI,DsSUD,A,0)~P

ZZ=DPDTTS(TTRI 4DsSUD»A0)

TTRI=TTRI-Z/2Z

IF(ABSF(Z/P)~0,000001)30530510
IF(ABSF(Z/(ZZ#TTR1))=04,000001)30530520

CONTINUE

WRITE OUTPUT TAPE 65100sDsPsTSTARTsTTRI

THIS COMPLETES THE NEWTON-RAPHSON ITERATION PROCEDURE

GO TO 40

FINTPS=TTRI

RETURN

TUP=TSTART

TDWN=TSTART

OFORMAT (BBHNEWTON-RAPHSON METHOD FAILED TO PRODUCE SIX SIGNIFICANT
1IFIGURE ACCURACY IN 10 ITERATIONS/62H DENSITY PRESSURE

2 FIRST TEMP TENTH TEMP / 4E16.8)

DELT=1,01

DO 50 1=1,100

TUP=TUP#*DELT

TOWN=TDWN/DELT
ZUP=PSFITZ(TUP4D+SUDsA,0)-P
ZDWN=PSFITZ(TDWNsDsSUD,A»0)-P
RATIO=ZUP/ZDWN
IF(RATIO)605110,+50

50 CONTINUE
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WRITE OUTPUT TAPE 64200sTSTARTsDyPsTDWNs TUP

FORMAT (77HNO SOLUTION HAS BEEN FOUND BETWEEN 1.0/7+44 AND 74 OF TH
1E INITIAL TEMP =9FE18489/64H  DENSITY PRESSURE
2LOWER TEMP UPPER TEMP /4E1648)

FINTPS=0,0

RETURN

ZUP1=PSFITZ(TUP/DELT,D,SUDsA»0)~P
UPRAT=ZUP /ZUP1

IF(UPRAT)B0,110470

T2=TDWN*DELT

T1=TDWN

GO TO 90

T2=TUP

T1=TUP/DELT

DO 95 1=1,100

Z1=PSFITZ(T1sDySUD,A,0)-P
22=PSFITZ(T25sDsSUDsA50) =P
T3=T1+(T2-T1)*(=21)/(22-21)

IF (ABSF((T1~T21/T11~0.000001)99+99,91

IF (ABSF((Z1-22)/(Z14P))=0,000001)99+99,92
Z3=PSFITZ(T35DsSUDsA,0) P
IF(23/21193+994,94

22=23

T2=T3

GO TO 95

21=23

T1=T3

CONT INUE -

WRITE OUTPUT TAPE 6,300sD4PsT1,5T2
OFORMAT (87THREGULA-FALSI METHOD FAILED TO PRODUCE SIX SIGNIFICANT FI
1GURE ACCURACY IN 100 ITERATIONS/64H  DENSITY PRESSURE
2 LOWER TEMP UPPER TEMP  /4E16,8)
FINTPS=T3

RETURN

FINTPS=TUP

RETURN

END

SUBROUTINE LIQCOR(S,HsTEMP)

ENTROPY AND ENTHALPY CORRECTIONS TO LIQUID OXYGEN BETWEEN 140 AND
154477 DEG Ko

S IN JOULES/(MOLE DEG K) AND H IN JOULES/MOLE,
IF(TEMP~-14040)90+90,10C

IF(TEMP=154,77)20+90+90
DELS=(0+000517857*TEMP-0,0725)%32,0
DELH=DELS*TEMP

S$=S5~DELS

H=H-DELH

RETURN

END

18
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FUNCTION PSFITZ(TsDsA16+AsIUSE)

IF TUSE =0 :

CALCULATE PRESSURE WITH THE STROBRIDGE EQUATION OF STATE.
A(15) IS THE LINEAR COEFFICIENT MATRIX WHILE A16 IS THE EXPONENT.
IF I1USE =1

CALCULATE THE VARIABLE PART OF EACH TERM AND RETURN TO THE MAIN
PROGRAM THRU A(15) FOR USE IN SETTING UP LEAST SQUARES PROBLEM.
DENSITY IN MOLES/LITER, TEMPERATURE IN DEG K, AND PSFITZ IN ATM.
DIMENSION A(15),B(15)

D2=D#*D

D3=D2#D

D4=D3%D

D5=D4#*D

D6=D5%*D

T2=T*T

T3=72%7

T4=T3#T

EX=EXPF (-A16%D2)

R=0,0820797

B(1)=D6

B(2)=T*D4

B(3)=R®T%*D3

Bt4)=D3

B(5)=R*T%D2

B(6)=D2

B(71=D2/T

B(8)=D5%EX/T2

B(9)=D3%EX/T2

B(10)=D5%EX/T3

B(11)=D2/T2

B(12)=D5%EX/T4

B(13)=D3*EX/T3

B(14)=D2/T4

B(15)=D3*EX/T4

PSFITZ=D*R*T

IF(IUSE)10,20,10

DO 12 1=1,15

A(1)=B(1)

PSFITZ=-PSFITZ

RETURN

DO 30 I=1,15

PSFITZ=PSFITZ+A(I)#R (1)

RETURN

END

OSUBROUTINE TDSTRS{ENTH,PRESSsTEMP,DENS,ENTROsQUAL ¢DELP4DELH,TO,50,

HOs IRGNs IERR)
THIS CALCULATES TEMPERATURE(DEG K)+DENSITY(MOLES/LITER) ,AND
ENTROPY (JOULES/MOLE DEG K) FOR GIVEN VALUES OF PRESSURE(ATM) AND
ENTHALPY (JOULES/MOLE)Ye IF THE POINT FALLS IN THE TWO PHASE REGION
QUALITY IS ALSO DEFINED. DELP AND DELH ARE THE ALLOWABLE DESCREP-

19
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2

1

ANCIES IN PRESSURE AND ENTHALPYe TOsSOsHO ARE THE REFERENCE VALUES
OF TEMPERATURE JENTROPY,AND ENTHALPY ON THE IDEAL GAS SURFACE AT
1 ATM PRESSURE, IRGN AND IERR ARE OUTPUT FIXED POINT VARIABLES
INDICATING THE REGION(IRGN=1 FOR TWO PHASE REGION,IRGN=2 FOR
GASEOUS REGION, AND IRGN=3 FOR LIQUID REGION I+Ee T LESS THAN
CRITICAL AND P GREATER THAN CORRESPONDING VAPOR PRESSURE) AND
ERRORS ENCOUNTERED DURING EXECUTION(IERR= O FOR PRES GREATER THAN
300 ATM,IERR=1 FOR PRES LESS THAN 1 ATM,IERR=2 FOR DELH/ENTH
LESS THAN 1.0E-08+IERR=3 FOR DELP/PRES LESS THAN 1.0E-~08,(IN
SINGLE PRECISION THE LATTER TWO CASES MAY NOT BE SATISFIED)s IERR=4
+5 FOR ENTH ABOVE AND BELOW VALID RANGE RESPECTIVELY, IERR=6 FOR
ITERATION NOT SATISFIED,IERR=9 FOR NORMAL OPERATION ,
DIMENSION A(15)4AA(17)

R=0,0820797

AA(1)=R

AA(2)1=0,36684115E-01

AA{(3)=-0,10091340E+01

AA{4)=-0,59581958BE+02

AA(5)=—-0439091633E+04

AA(6)=0,12405065E+08

AA(T7)1=0,87258515E-07

AA(B)Y=-0,11885929E-01

AA(9)=0,29165T708E-05

AA(10)=0,12473562E+04

AA(11)=-0,61007363E+05

AA(12)=-0,46185178E+07

AA(13)=-0,10379526E+01

AA(14)=0,66183734E+03

AA(15)=-0,22051320E+05

AA(16)=0,73071820E-06

AA(17)=0,37656816E-02

Al16=AA(17)

1ERR=9

CALL ARCOE(AA,A)

H=ENTH

P=PRES

TUP=300.0

TEMP=040

DENS=040

ENTRO=0,0

QUAL=0.0

IRGN=0

PC=50614

Cl=101,3278

PUP=300,0

PLO=1.0

TLO=85,.0

TC=154477

DC=0,43%1000,028/32,0

TT=54,4352

IF(P=PUP}Y1yl,2

1ERR=0

RETURN

IF(P=PLOY43s3,43
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IERR=1

RETURN

IF(DFLH/H-140F=0815,5+6

IERR=2

RETURN

IF(DELP/P=1,0F-08)7,7+8

IERR=3

RETURN

CONT INUE

CALCULATE UPPER LIMITS AND SATURATION VALUES
DTRI=PUP/(R®TUP)

D1=FINDPS(TUP,P sDTRIsA16+A)
H1=DELH1S(PsD1,TUP,AA) +CPOHJ (TUP,TO)+HO
IF(H-H1)11,11,10

1ERR =4

RETURN

IF(P-PC19417417

TSAT=FINDT(PsTTTC)

TCHEAT=TSAT-1,0

RHOTRI=DSVGUR (TCHEAT/TC)%DC

DSATV=F INDPS(TSATsP,RHOTRI»A164A)
RHOTRI=DSATLI (TCHEAT)
DSATL=FINDPS(TSATsP,RHOTRIsA165A)
HSATV=DELH1S(P4DSATVsTSAT yAA)+CPOHJ(TSAT s TO)+HO
HSATL=HSATV-(1,0/DSATV-1,0/DSATL)*DPDTVP(TSAT)*TSAT*101.3278
CALL LIQCOR(SS,HSATL+TSAT)
IF(H-HSATV)13,12,12

TTRI=TSAT

DTRI=DSATV

GO TO 501

IF(H~HSATL)154140 14

CALCULATION FOR TWO PHASE REGION
QUAL=(H-HSATL)/(HSATV-HSATL)
SSATV=DELS1S(DSATVsTSATsAA)+CPOSJ{TSAT,4TO)+SO
SSATL=SSATV—(HSATV-HSATL) /TSAT
ENTRO=QUAL*SSATV+(1.0-QUAL)*SSATL
DENS=QUAL®*DSATV+(140-QUAL ) *DSATL

TEMP=TSAT

IRGN=1

RETURN

CALCULATE LOWER LIMITS

H3=HSATL

D3=DSATL

T3=TSAT

TCHEAT=TLO-140

RHOTRI=DSATLI(TCHEAT)

D2=FINDPS(TLOsPsRHOTRI sA169A)

PSATLO=VPN(TLO) |

DSATLL=FINDPS(TLO,PSATLOsRHOTRI»A165A)

RHOTRI=DSVGUR(TCHEAT/TC) *DC

DSATVL=FINDPS(TLO,PSATLOsRHOTRI sA16sA)
OH2=DELH1S(PSATLO4DSATVL 9 TLOSAAY+CPOHJ(TLOSTOY+HO —(1.0/DSATVL-1.0/
1 DSATLLY*DPDTVP(TLO)*TLO®CI+DELHTS(P4D2+sPSATLOLDSATLLsTLO,AA)
CALL LIQCOR{SSsH2,TLO)
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TTRI=TLO

DTRI=D2

IF{H-H2)16,701,701

TERR=5

RETURN

CONTINUE

T3=7C

DTRI=DC*2,0
D3=FINDPS{TCsPyDTRISA16sA)
H3=DELH1S(PsD34TCsAA)+CPOHJ(TCH»TO)+HO
IF(H-H3)194+19,18

CONT INUE

DTR1=D3

TTRI=TC

GO TO 501

THIS 1S THE ITERATION FOR THE GASEOUS REGION
CONT INUE

IRGN=2

DO 550 1=1,20
PITT=PSFITZ(TTRIsDTRI,A164A+0)
AX=DPDTTSITTRIsDTRIsA16+A,0)
BX=DPDDRS(TTRIyDTRIsA163A,0)
AY=DHDTRS(DTRIsTTRIsAA)
BY=DHDDRS(DTRIsTTRIsAA)
CX=P-PSFITZ(TTRI+sDTRI4A16,A»0)
CY=H—(DELHIS(PITTsDTRISTTRIsAA)Y+CPOHJ(TTRI»TO)+HO)
DET=AX*#BY—-AY*BX

DETX=CX*BY-BX#CY

DETY=AX®CY-CX*AY

DT=DETX/DET

DD=DETY/DET

DTRI1=DTRI+DD

TTRI=TTRI+DT
IF(ABSF(CX)-DELP)25,25,27
IF(ABSF(CY)-DELH)601,+601,427
IF(ABSF(DT/TTRIVI=1.0E-06)29 429 ,550
IF(ABSF(DD/DTRIV)-140E-06)601,601,550
CONT INUE ’
IERR=6

TEMP=TTRI

DENS=DTRI

ENTRO=DELS1S(DENS,TEMP ,AA)+CPOSJ(TEMP,TO)+S0
IRGN=2

RETURN

NEXT IS THE ITERATION FOR THE LIQUID REGION
CONTINUE

HITT=H2

PITT=P

DO 750 I=1,20
BY=DHDDRS(DTRIsTTRIsAA)
DHDTLN=((H3-H2)~-BY*(D3-D2))/(T3-TLO)
AX=DPDTTS(TTRIsDTRIsA165A,40)
BX=DPDDRS(TTRIsDTRI+A163A40)
AY=DHDTLN
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711

721

731

733
735
737
750

761

CX=P-PITT

CY=H-HITT

DET=AX*BY~AY*BX

DETX=CX#BY-BX*CY

DETY=AX®CY-CX%AY

DT=DETX/DET

DD=DETY/DET

DTRI=DTRI+DD

TTRI=TTRI+DT

PS=VPN(TTRI)

A TEMPERATURE SLIGHTLY BELOW TTRI IS USED HERE TO IMPROVE THE
CHANCE OF SUCCESS NEAR CRITICAL TEMPERATURE
TCHEAT=(TTRI-1,0)

DVTRI=DSVGUR (TCHEAT /TC ) *#DC
DSATVT=FINDPS({TTRI,PS,DVTRI»A16,A)
DLTRI=DSATLI(TCHEAT)
DSATLT=FINDPS(TTRI»PS,DLTRI»A164A)
PITT=PSFITZ(TTRIsDTRI,A16,A50)
OHITT=DELHIS(PS,DSATVT,TTRI sAA)+CPOHJ(TTRI 4 TO)+HO-(140/DSATVT—
1 140/DSATLT)*DPDTVP(TTRI)*TTRI®CI+DELHTS(PITT ,DTRI4PS,DSATLT,
2 TTRIsAA)

CALL LIQCOR(SSsHITT,TTRI)

IF(H=HITT) 711,711,721

H3=HITT

T3=TTRI

D3=DTRI

GO TO 731

D2=DTRI

H2=HITT

TLO=TTRI

CONT INUE

IF (ABSF(H-HITT)-DELH) 733,733,735
IF(ABSF(P-PITT)-DELP) 761,761,735
IF(ABSF(DD/DTRI)~14,0E-06)737,737,750

IF (ABSF(DT/TTRI)~1,0E-06)76157615750

CONT INUE

IERR=6

TEMP=TTRI

PENS=DTRI
OENTRO=DELS1S(DSATVT,TEMP,AA)+CPOSJ (TEMP,TO)+S0-(1e/DSATVT—1e/
1 DSATLT)*DPDTVP (TEMP)*C1+DELSTS(DENS 4DSATLT 4 TEMP 4AA)
CALL LIQCOR(ENTROsHH,TEMP)

IRGN=3

RETURN

END

SUBROUTINE THSTRS(P4DsTeHsSsQsDP,TOsSO4HOs IRGN,IERR)

THIS CALCULATES TENPERATURE(DEG K)oENTHALPY(JOULES/MOLE) AND
ENTROPY (JOULES/MOLE DEG K) FOR GIVEN VALUES OF PRESSURE(ATM) AND
DENSITY(MOLES/LITER)e IF THE POINT FALLS IN THE TWO PHASE REGION
QUALITY(Q) IS ALSO DEFINEDe DP IS THE ALLOWABLE DESCREPANCY IN
PRESSURE. TOsSO,HO ARE THE REFERENCE VALUES OF TEMPERATURE,ENTROPY
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AND ENTHALPY ON THE IDEAL GAS SURFACE AT 1 ATM PRESSURE. IRGN AND
IERR ARE OUTPUT FIXED POINT VARIABLES INDICATING THE REGION(IRGN=1
FOR TWO PHASE REGION,IRGN=2 FOR GASEQOUS REGION, AND IRGN=3 FOR
LIQUID REGION IT.Ee T LESS THAN CRITICAL AND P GREATER THAN THE
CORRESPONDING VAPOR PRESSURE) AND ERRORS ENCOUNTERED DURING
EXYEFCUTION(IERR=N FOR PRESSURE GREATER THAN 300 ATM,IERR=1 FOR
LESS THAN 1 ATM,IERR=2 FOR DP/P LESS THAN 1.0E-08s1ERR=4 AND 5
FOR TEMPERATURE ABOVE AND BELOW VALID RANGE RESPECTIVELY, IERR=¢ FOR
ITERATION NOT SATISFIEDs AND IERR=9 FOR NORMAL OPERATION,
DIMENSION A(15)4AA(17)

R=0,0820797

AA(1)=R

AA(2)=0,36684115E-01

AA(3)=-0,10091340E+01

AA(4)=-0,59581958E+02

AA(5)=-0e¢39091633E+04

AA(6)=0s12405065E+08

AA(7)=0.87258515E-073

AA(8)=-0.11885929E-01

AA(9)1=0.29165708E-05

AA(10)=0,12473562E+04

AA(11)=-0461007363E+05

AA(12)=-0,46185178E+07

AA(13)=-010379526E+01

AA(14)=0666183734E+03

AA(15)=-0422051320E+05

AA(16)=0673071820E-06

AA(17)=0637656816E-02

Al16=AA(17)

1IFRR=9

CALL ARCOE (AA,A)

TUP=300.0

T=0e0

5=0.0

Q=040

IRGN=0

PC=50e14

C1=10143278

PUP=300,0

PLO=1.0

TL0=8500

H=0,0

TC=154e77

TT=54¢353

DC=0¢43%1000e028/3240

1IF(P-PUP)1s192

IERR=0

RETURN

IF(P-PLO)4 3343

IERR=1

RETURN

IF(DP/P-140E-08)5+5,8

1ERR=2

RETURN

2k
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8 CONTINUE
IF(P-PC)10,15,15
CALCULATE SATURATION TEMPERATURE. AND DENSITIES
10 TSAT=FINDT(PsTTsTC)
TCHEAT=TSAT-1,0
DVTRI=DSVGUR(TCHEAT/TC)#*DC
DLTRI=DSATLI (TCHEAT)
DSATV=FINDPS{TSATsP+sDVTRI,A16,A)
DSATL=FINDPS(TSATsPsDLTRIJA16,A)
IF(D-DSATV)13,13,11
13 CONTINUE
TTRI=(3e0/8¢0)*(P/PC+3,0%(D/DC)*#%2)%(DC/D-140/3e0)%#TC
T=FINTPS(DsP+TTRIsA165A)
IF(T-14E-08)24424+25
24 I1ERR=6
RETURN
25 GO TO 70
11 IF(D-DSATL)14,14,15
CALCULATION FOR TwWO PHASE REGION
14 Q=(D-DSATL)/(DSATV-DSATL)
SSATV=DELS1S(DSATVsTSATsAA)+CPOSJ(TSATSTO)+SO
SCROS=(1,0/DSATV-1,0/DSATL)*DPDTVP(TSAT)I#*C1
HCROS=SCROS*TSAT
SSATL=5SATV-SCROS
HSATV=DELH1S(PsDSATV s TSAT 4AA)+CPOHJ(TSAT s TO)+HO
HSATL=HSATV-HCROS
T=TSAT
CALL LIQCOR(SSATLsHSATLsTSAT)
S=Q#SSATV+(1,0-Q) #SSATL
H=Q¥HSATV+(1+0-Q)*®#HSATL
IRGN=1
RETURN
15 CONTINUE
TTRI=(3e0/8¢0)%(P/PC+3,0%(D/DC)*%2)%(DC/D-160/340)%TC
IF(TTRI-TLO)17,18,18
17 TTRI=TLO
18 CONTINUE
T=FINTPS(DsPsTTRISA16,A)
IF(T-1eE-08)54,54,455
54 IERR=6
RETURN
55 IF(T-TC)170+70,70
70 CONTINUE
IRGN=2
IF(T-TUP)80+80,71
71 IERR=4
RETURN
80 H=DELH1S(PsDsT9AA)+CPOHJI(THTO)+HO
S=DFELS1S(DsTsAAY+CPOSJU(TSTOI+SO
RETURN
170 CONTINUE
IF(T-TLO)Y171,180,180
171 IERR=5
RETURN
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180 CONTINUE
IRGN=3
PS=VPNI(T)
TCHEAT=T-1.0
DVTRI=DSVGUR (TCHEAT/TC) *DC
DLTRI=DSATLI (TCHEAT)
DSATV=FINDPS(TsPSyDVTRIsA16+A)
DSATL=FINDPS(TsPSsDLTRIsA165A)
SCROS=(140/DSATV~10/DSATL)I*DPDTVP(T) *C1
HCROS=SCROS*T
OH=DELHI1S(PSsDSATVsTyAA)+CPOHJ(TsTO)+HO-HCROS+DELHTS(PsDsPSsDSATL »
1 TsAA)
S=DELS1S(DSATVsTsAA)+CPOSJI(TsTO)I+SO-SCROS+DELSTS(DsDSATL,TsAA)
CALL LIQCOR(S4H,sT)
RETURN
END

FUNCTION VPN (TEMP)

VAPOR PRESSURE OF OXYGEN ACCORDING TO THE EQUATION IN NBS REPORT
7922+ TEMPERATURE IN DEG K AND VPN IN ATM.
T=TEMP

A=0,13750055E-03

B=~0,54998814E-01

C=0417023470E+01

D=0466564191E+01

F=-0494512173E+073

P=FEXPF(D+E/T+R2T+CH*LOGF (T )+AXTHT)

VPN=P

RETURN

END




APPENDIX B

Sample calculations of thermodynamic properties with pressure-
enthalpy and pressure-density as input coordinates are presented.
Comparisons with the values listed by Stewart, et al. [1963] are
included to illustrate the consistency of these calculations. Although
the speed of computation is dependent upon the values of the coordinates,
a speed of 115 points per minute (randomly distributed) has been obtained.
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Appendix B {continued)

#* ID(3150420 s JHPHPD s HUSTJIG9150,53) 386
* XEQ

#* LABEL

CJHPHPD

DIMENSION FMT(12)4IDENT(12)
100 FORMAT(12A6/12A6)
READ INPUT TAPE 5,100 IDENTsFMT
READ INPUT TAPE 5¢FMT3TCePCeDCyPTsTTsTO»SO,HO
WRITE OUTPUT TAPE 6,100 IDENToFMT
WRITE OUTPUT TAPE 64sFMTsTCsPCoDCesPTsTTsTO»SOsHO
READ INPUT TAPE 5,100, IDENTsFMT
- WRITE OQUTPUT TAPE 6,400
400 FORMAT(1H1)
WRITE OUTPUT TAPE 64500
WRITE OUTPUT TAPE 6,300
500 FORMAT(95H PRESSURE TEMPERATURE DENSITY ENTROPY
1 ENTHALPY QUALITY REGION ERROR )
10 READ INPUT TAPE 54FMT 4P sTsDsSsHsQINyIREGN,IERIN
DD=D#%#1000,028/32,0
$5=5%3240
HH=H#%32,0
OCALL TDSTRS(HH4P,TCALHP ,DCALHP ,SCALHP ,QHP, 0+00001%*P, 0400001%HH,
1 TOsSOsHO » IRGNHP » IERHP)
OCALL THSTRS(P,DD,TCALPD,HCALPD,SCALPD,QGPD, 0.00001%P,T0,50,HO,
1 IRGNPD s IERPD)
200 FORMAT(6FE14e64,214433H INPUT DATA FROM NBS REPORT 79224/ +6E14,46,
1 214,39H CALCULATED FROM PRESSURE AND ENTHALPY,/,6FE14e64214,

2 39H CALCULATED FROM PRESSURE AND DENSITY )
OWRITE OUTPUT TAPE 64200sPsTsDDsSSsHHyQIN,IREGN,IERIN,
1 Py TCALHP yDCALHP 4 SCALHP yHH 3 QHP » IRGNHP » IERHP

2 PyTCALPDsDDySCALPD4HCALPD,QPD4s IRGNPD, IERPD,
WRITE OQUTPUT TAPE 6,300
300 FORMAT(1HO)
GO 70 10
END
#* DATA :
CRITICAL DATA FOR OXYGEN(CRITe PTesTRIPLE PTesTOyS0,HO)
(El648)
015478 E+03
«5014 E+02
¢13437876E+02
014473684E-02
54352 E+02
0.9 E+02
0,17021230E+03
«11405399E+05
PyTsDsSeHs Qs IREGN, IERIN(ATM,DEG K,G/CCyJOULE/G)FROM NBS REPORT 7922
(FBe29F9439E12e59F9449FBa29F6e24212)
5060 154,707 o32389E+00 403415 328,94 «99 1 9
l1e5 90.0 «11408E+01 249328 140448 39
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148,982 ,68834F+00 349239 263,15 01

900 «11536E+401 249106 143,65
154,0 «6032BE+00 4.0320. 281,08
155,0 «297T79E+00 443795 334,82

90.0 «11406E+01 249330 140446

91.0 o4421TE~02 53154 355,35
300.0 «130C3E-02 664151 547,57
30060 «38922E-00 4eT723 492,32
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